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ABSTRACT The marine bacterium Alcanivorax borkumensis produces a surface-active
glycine-glucolipid during growth with long-chain alkanes. A high-performance liquid chro-
matography (HPLC) method was developed for absolute quantification. This method is
based on the conversion of the glycine-glucolipid to phenacyl esters with subsequent mea-
surement by HPLC with diode array detection (HPLC-DAD). Different molecular species
were separated by HPLC and identified as glucosyl-tetra(3-hydroxy-acyl)-glycine with vary-
ing numbers of 3-hydroxy-decanoic acid or 3-hydroxy-octanoic acid groups via mass spec-
trometry. The growth rate of A. borkumensis cells with pyruvate as the sole carbon source
was elevated compared to hexadecane as recorded by the increase in cell density as well
as oxygen/carbon dioxide transfer rates. The amount of the glycine-glucolipid produced
per cell during growth on hexadecane was higher compared with growth on pyruvate.
The glycine-glucolipid from pyruvate-grown cells contained considerable amounts of
3-hydroxy-octanoic acid, in contrast to hexadecane-grown cells, which almost exclusively
incorporated 3-hydroxy-decanoic acid into the glycine-glucolipid. The predominant propor-
tion of the glycine-glucolipid was found in the cell pellet, while only minute amounts were
present in the cell-free supernatant. The glycine-glucolipid isolated from the bacterial cell
broth, cell pellet, or cell-free supernatant showed the same structure containing a glycine
residue, in contrast to previous reports, which suggested that a glycine-free form of the
glucolipid exists which is secreted into the supernatant. In conclusion, the glycine-glucolipid
of A. borkumensis is resident to the cell wall and enables the bacterium to bind and solubi-
lize alkanes at the lipid-water interface.

IMPORTANCE  Alcanivorax borkumensis is one of the most abundant marine bacteria

found in areas of oil spills, where it degrades alkanes. The production of a glycine-gluco-

lipid is considered an essential element for alkane degradation. We developed a quanti-

tative method and determined the structure of the A. borkumensis glycine-glucolipid in
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Glycine-Glucolipid from Alcanivorax borkumensis

encompass small molecules like lipopeptides, acylated amino acids, and glycolipids, as
well as polymeric high molecular weight substances (1). A carbohydrate moiety is
attached to long-chain aliphatic acids or lipopeptides in glycolipids. For example,
rhamnolipids, trehalose lipids, and sophorolipids are mono- or disaccharides acylated
with long-chain fatty acids or hydroxy-fatty acids (2). The amphiphilic structure of these
molecules provides the means to lower the interfacial tension between immiscible
fluids (1). In nature, biosurfactants facilitate the utilization of hydrophobic substrates
by microorganisms (3). They can have antibacterial or antifungal properties, and they
enable attachment to surfaces and subsequent biofilm formation. Furthermore, they
are important virulence factors during bacterial pathogenesis, where their production
is regulated by quorum sensing mechanisms (4).

In biotechnological applications, biosurfactants have advantages over synthetic surfac-
tants because of biodegradability and low toxicity (5, 6). These characteristics provide the
potential to employ biosurfactants in numerous applications such as additives in deter-
gents and food, cosmetics, pharmacology, petroleum recovery, and agriculture (6-11). As
a result, interest in biosurfactants has increased in recent years because these natural prod-
ucts are considered both an alternative and additive to synthetic surfactants.

Aerobic strains of Pseudomonas aeruginosa are known to produce and secrete biosur-
factants called rhamnolipids. The P. aeruginosa rhamnolipids are composed of a mono-
or dirhamnosyl moiety linked to a unit of two 3-hydroxy-fatty acids (7-9). Because these
glycolipids show low absorption of UV light, they are often converted into UV-absorbing
derivatives before analysis by high-performance liquid chromatography with diode-array
detection (HPLC-DAD) (10). An analytical method for the determination of the rhamnoli-
pids from P. aeruginosa by HPLC-DAD has been previously developed (7). In this method,
rhamnolipids are converted into phenacyl esters after reaction with p-bromoacetophe-
none in the presence of triethylamine. This method was modified by replacing the deri-
vatization reagent with 2-bromoacetophenone (11). Rhamnolipid molecular species with
different numbers of rhamnose units or fatty acids were separated and analyzed by
HPLC-DAD.

In oil-polluted sea areas, most bacteria become nutrient-starved except the species
that can metabolize hydrocarbons, namely, hydrocarbonoclastic or oil-degrading bac-
teria. Various hydrocarbonoclastic bacteria have been identified in marine environ-
ments, including Alcanivorax borkumensis, isolated from North Sea sediment (12). It is
found in low numbers in unpolluted waters but accumulates in oil-polluted waters and
coastlines, where it may comprise 80 to 90% of the oil-degrading microbial community
(13). The substrate spectrum of A. borkumensis encompasses aliphatic hydrocarbons,
including linear alkanes, cycloalkanes, and isoprenoids (14). Therefore, A. borkumensis
is crucial for petroleum bioremediation. To increase the availability of the hydrocar-
bons during metabolism, A. borkumensis produces a surface-active glycine-glucolipid
which consists of glucose attached to a lipid backbone of four 3-hydroxy-fatty acids,
with the carboxyl group of the terminal fatty acid linked to glycine (15). In addition, a
different structure of the A. borkumensis glucolipid lacking the glycine residue had pre-
viously been proposed. It remained unclear whether both forms exist inside the cells
or whether one form might be secreted into the culture supernatant (15-17).

The objective of the present study was to develop an HPLC-DAD-based method for
the exact quantification of the glycine-glucolipid from A. borkumensis in combination
with mass spectrometric analyses of lipid extracts from cells grown under different
conditions. We further analyzed the occurrence of the glycine-glucolipid in its glycine-
containing or glycine-free forms within the cells or the culture supernatant.

RESULTS

Analysis of the A. borkumensis glycine-glucolipid by direct infusion mass spec-
trometry. The glycine-glucolipid was purified from the A. borkumensis cells after
growth on pyruvate by solid-phase extraction (SPE) and thin-layer chromatography
(TLC) and analyzed by direct infusion mass spectrometry on a quadrupole time of flight
(Q-TOF) instrument (Fig. 1A). The glycine-glucolipid is composed of glucose attached
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FIG 1 Analysis of authentic and derivatized A. borkumensis glycine-glucolipid by mass spectrometry. The glycine-glucolipid was
purified by SPE and TLC and analyzed by direct infusion Q-TOF mass spectrometry. (A) Total ion count spectrum of the purified
authentic glycine-glucolipid. (B) MS/MS spectrum after fragmentation of the main glycine-glucolipid species Glc(0-10:0),Gly. Each
neutral loss of an acyl group is represented by two fragment peaks differing by one H,0 group (m/z = 18). (C) MS/MS spectrum
after fragmentation of the glycine-glucolipid species Glc(O-8:0)(0-10:0),Gly. The m/z for 3-HO-10:0 and 3-HO-8:0 differ by 28. Note
that only the fragments representing the losses of the acyl moieties including H,O are depicted. (D) Calculated masses of
ammonium adducts of different molecular species and fragments generated from Glc(0-10:0),Gly of the authentic glycine-
glucolipid. After the loss of the sugar head group with ammonia, the lipid backbone fragments exist as H" adducts.
Fragmentation within the lipid backbone results in radical ions with m/z differences originating from the loss of one H,O
molecule. The glycine ion with m/z = 76.0393 represents the H* adduct. (E) Total ion count spectrum of the purified glycine-
glucolipid after conversion into phenacyl esters. (F) MS/MS spectrum after fragmentation of the main species Glc(O-10:0),Gly-
phenacyl. (G) Calculated masses of ammonium adducts of molecular species and fragments generated from Glc(O-10:0),Gly-
phenacyl. Glc, glucose; Gly, glycine; O-8:0 or “8,” 3-hydroxy-octanoic acid; O-10:0 or “10,” 3-hydroxy-decanoic acid.
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to four 3-hydroxy-fatty acids with a glycine bound to the terminal fatty acid in amide
linkage (15). The molecular species of the glycine-glucolipid were predominantly com-
posed of Glc(O-10:0),Gly (peak of the ammonia adduct at m/z 935.6414) and low
amounts of Glc(0-8:0)(0-10:0);Gly, while Glc(O-8:0),(0-10:0),Gly was barely detectable
(Fig. 1A, Table 1). The MS/MS spectrum of Glc(0-10:0),Gly fully agreed with the previ-
ously reported structure (Fig. 1A and D) (15). Fragmentation of the glycine-glucolipid
molecular species containing one 3-hydroxy-octanoic acid, Glc(O-8:0)(0-10:0);Gly,
revealed that the 3-HO-8:0 fatty acid is randomly distributed to the four possible posi-
tions of the congener (Fig. 10).

Quantification of the A. borkumensis glycine-glucolipid by HPLC-DAD. The A.
borkumensis glycine-glucolipid is devoid of strong chromophores (15). Hence, HPLC-
DAD can barely detect it using a UV/visible light detector. We therefore chose an HPLC
method previously developed to analyze P. aeruginosa rhamnolipids, another class of
glycolipids that do not contain strong chromophores for UV/visible light detection
(10). The original protocol included a derivatization step of the terminal fatty acid of
the rhamnolipid with p-bromoacetophenone, later replaced with 2-bromoacetophe-
none (7, 11). In the A. borkumensis glycine-glucolipid, the terminal 3-hydroxy fatty acid
is bound to glycine in amide linkage and therefore cannot be derivatized. However,
the terminal glycine of the glycine-glucolipid possesses a free carboxy group, which
might be accessible for conversion into its phenacyl ester (Fig. 2A). As an internal
standard, we selected undecanoic acid, a free fatty acid readily converted into its phen-
acyl ester (18).

Figure 2B and C show the HPLC-DAD chromatograms of a crude lipid extract and
the purified glycine-glucolipid from A. borkumensis grown on pyruvate after derivatiza-
tion. Three peaks eluting at 15.5 min, 17.5 min, and 19.5 min were identified, together
with the internal standard, which elutes at 12.1 min. The peak fractions containing the
three derivatized lipids were collected from the HPLC column and individually ana-
lyzed by direct infusion mass spectrometry. The major peak eluting at 19.5 min showed
an m/z of 1,053.6836, in agreement with the addition of the phenacyl group on the
parental ion [Glc(O-10:0),Gly-phenacyl + NH,*] as compared with the nonderivatized
species of [Glc(0-10:0),Gly + NH,*] with an m/z of 935.6414 (Fig. 1E). The fragmenta-
tion pattern of [Glc(O-10:0),Gly-phenacyl + NH,*] indicated that the phenacyl moiety
was attached to the carboxylate of the glycine (Fig. 1F and G). The peaks eluting at
15.5 min and 17.5 min corresponded to the molecular species of Glc(O-8:0),(0-
10:0),Gly-phenacyl and Glc(0-8:0)(0-10:0);Gly-phenacyl, respectively. The amounts of
the three molecular species of Glc(O-8:0),(0-10:0),Gly-phenacyl, Glc(O-8:0)(0-10:0),Gly-
phenacyl, and Glc(O-10:0),Gly-phenacyl were determined by HPLC-DAD as 4.0 = 0.4%,
25.3 £ 0.3%, and 70.8 = 0.1%, respectively (Table 1).

In addition to the derivatized peaks of the major molecular species Glc(0-10:0),Gly-
phenacyl, a minor nonderivatized peak corresponding to Glc(O-10:0),Gly was observed
in the total ion count spectrum (Fig. 1E). Taking the peak sizes as a measure of abun-
dance, the degree of derivatization was calculated to be 97.2% = 0.8% and 98.9% *
0.4% for the sum of the three glycine-glucolipid species in the crude lipid extract and
the purified glycine-glucolipid, respectively (n = 3).

Analysis of the glycine-glucolipid-derived 3-hydroxy fatty acids by GC-MS. The
determination of the 3-hydroxy fatty acids by gas chromatography-mass spectrometry
(GC-MS) was assessed as an alternative method for quantifying the glycine-glucolipid.
The glycine-glucolipid contains four 3-hydroxy fatty acids, which are bound to the 3-
hydroxy group of the adjacent fatty acid by ester linkages, while the first one is linked
to the glucose moiety by a glycosidic linkage, and the terminal 3-hydroxy fatty acid is
linked to glycine by an amide linkage. For GC-MS measurements, the 3-hydroxy fatty
acids were cleaved and transmethylated with methanolic HCI (Fig. 3A). Because its am-
ide-linked fatty acids are more resistant to transmethylation reactions than ester-linked
fatty acids, the reaction was optimized to ensure that all four 3-hydroxy fatty acids
were released from the glycine-glucolipid (Fig. 3B). Transmethylation reactions were
complete after 5 h with 3 N HCl. Subsequently, the 3-hydroxy groups of the fatty acids
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FIG 2 Detection of the A. borkumensis glycine-glucolipid by HPLC-DAD after conversion into phenacyl esters. (A) The
glycine-glucolipid was converted into its phenacyl ester after incubation with 2-bromoacetophenone in the presence
of triethylamine. Undecanoic acid (11:0) was employed as an internal standard. (B) HPLC-DAD chromatogram of a
crude lipid extract from A. borkumensis, after derivatization. (C) HPLC-DAD chromatogram of isolated A. borkumensis
glycine-glucolipid (purified by SPE and TLC) after derivatization. Glc, glucose; Gly, glycine; O-8:0, 3-hydroxy-octanoic

acid; 0-10:0, 3-hydroxy-decanoic acid.

were converted into trimethylsilyl groups. Quantification by GC-MS was achieved using
3-hydroxy-dodecanoic acid (HO-12:0) as the internal standard. Fig. 3B shows that the
purified glycine-glucolipid contains 93.0% HO-10:0 and 7.0% 3-HO-8:0.

A. borkumensis cells show a higher growth rate on pyruvate compared with
hexadecane as carbon source. To study the growth rates of the A. borkumensis cells in
different media, the cells were incubated with pyruvate or hexadecane in the Kuhner TOM
shaker, a device for online transfer rate measurement of O, and CO, (oxygen transfer rate
[OTR] and carbon dioxide transfer rate [CTR]) in shake flasks (Fig. 4A and B). A. borkumensis

TABLE 1 Relative amounts of molecular species of the A. borkumensis glycine-glucolipid after
growth on pyruvate- or hexadecane-containing medium®

Growth on pyruvate

Growth on hexadecane

Glycine-glucolipid

Relative amount Relative amount Relative amount Relative amount

molecular species (%) (HPLC) (%) (Q-TOF) (%) (HPLC)® (%) (Q-TOF)
Glc(0-8:0),(0-10:0),Gly 4.0 * 0.4 40+ 0.1 nd. 05+ 02
Glc(0-8:0)(0-10:0),Gly 253 0.3 245 *04 11.1£1.0 3.1£15
Glc(0-10:0),Gly 70.8 0.6 714 *04 889+ 1.0 963 £ 1.7

9The glycine-glucolipid was extracted from the whole culture broth of bacteria grown on pyruvate or
hexadecane. Relative amounts of molecular species were determined by HPLC-DAD or Q-TOF mass

spectrometry.
bn.d., not detected. Mean =+ SD, n = 3.
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FIG 3 Analysis of 3-hydroxy-fatty acids derived from the A. borkumensis glycine-glucolipid by GC-MS.
(A) The four 3-hydroxy-fatty acids in the A. borkumensis glycine-glucolipid were transmethylated, and
the free hydroxy groups were converted into trimethylsilyl (TMS) ethers. (B) GC-MS chromatogram
(total ion count) of the A. borkumensis glycine-glucolipid, which was purified by SPE and TLC, and the
3-hydroxy fatty acids were converted into methyl esters/TMS ethers, in the presence of the internal
standard 3-hydroxy dodecanoic acid (HO-12:0).

cells with hexadecane as a carbon source needed about 92.6 h to grow to stationary
phase, compared with 18.4 h on pyruvate. The determination of transfer rates provides
the means to calculate growth rates independent of optical density, to avoid interference
by turbidity caused by insoluble nutrients like hexadecane. The growth rate on pyruvate
(0.25 h=") was almost twice as high as on hexadecane (0.14 h~"). More CO, was produced
with pyruvate (148.0 mmol L~") than with hexadecane (58.6 mmol L~"). Furthermore,
more O, was consumed with hexadecane (178.8 mmol L"), since it is a much more
reduced carbon source than pyruvate (131.4 mmol L™7).

The glycine-glucolipid accumulates on A. borkumensis cells grown on hexade-
cane. Q-TOF mass spectrometry and HPLC-DAD were employed to quantify the glycine-
glucolipid produced by A. borkumensis grown under different conditions. Biosurfactant
production can be regarded as a response to alkanes present in the environment and may
allow the producing bacteria to access these water-insoluble compounds as carbon sour-
ces. Therefore, A. borkumensis was grown with pyruvate or hexadecane as carbon sources
(12, 19). In addition, some bacteria adjust their lipid composition during phosphate depri-
vation by replacing phospholipids with glycolipids or other nonphosphorous lipids to save
phosphate for other cellular processes, and it was possible that the glycine-glucolipid also
showed some responsiveness to phosphate deprivation (20, 21). Thus, the cells were also
grown in the presence or absence of phosphate, both with pyruvate or hexadecane as a
carbon source, to assess whether the glycine-glucolipid accumulation was stimulated by
the presence of hexadecane or in response to phosphate deprivation or a mixture of both.
In line with the results obtained with the TOM shaker, the A. borkumensis cells grew faster
with pyruvate than hexadecane, and they reached a higher cell density in the stationary
phase (Fig. 4C). Growth under phosphate deprivation was compromised compared with
the respective controls (pyruvate/hexadecane).

Cells were harvested and crude lipid extracts were prepared for glycine-glucolipid
measurements by HPLC-DAD after conversion into phenacyl esters. The total glycine-
glucolipid (sum of Glc(0-8:0),(0-10:0),Gly, Glc(0-8:0)(0-10:0);Gly, and Glc(0-10:0),Gly-
phenacyl) amounted to ~0.8 nmol per 10" cells (equivalent to 4.2 nmol per mg
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FIG 4 Growth of A. borkumensis cultures under different conditions. (A) O, (OTR), CO, (CTR), and (B)
integrals of OTR, CTR of cultures grown in hexadecane or pyruvate medium. The cells were cultivated
and monitored in a TOM shaker until the stationary phase was reached. Mean values of two individual
cultivations are shown. The error bands indicate the values obtained from the individual cultures. (C)
Growth curves (ODg,,) of A. borkumensis cells grown with pyruvate and phosphate, with hexadecane and
phosphate, with pyruvate without phosphate, or with hexadecane without phosphate. The plot shows
individual, representative growth curves repeated at least two times with similar results.

protein) when cells were grown with pyruvate in the presence or absence of phos-
phate (Fig. 5B). The glycine-glucolipid content was higher in cells grown with phos-
phate and hexadecane (~1.3 nmol per 10'° cells), but it was only ~0.4 nmol per 10
cells when phosphate was omitted from the hexadecane medium. Therefore, phos-
phate deprivation did not increase the glycine-glucolipid content, indicating that it is
not involved in the phosphate deprivation response of A. borkumensis. In contrast,
growth on hexadecane resulted in increased glycine-glucolipid accumulation per 10'°
cells by > 50%, indicating that its synthesis was stimulated under conditions of alkane
metabolization. It should be noted that the yield per volume of the glycine-glucolipid
in pyruvate-grown cells (8 nmol per mL culture) was higher compared with hexade-
cane-grown cells (3 nmol per mL culture), since the cells grow to a higher density in
pyruvate medium (Fig. 4C). Furthermore, the molecular species composition of the
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FIG 5 Quantification of the glycine-glucolipid after growth in different media and in cell pellets and
supernatants of A. borkumensis cultures. (A) The lipid extracts were prepared from A. borkumensis cells
grown on pyruvate or hexadecane in the presence (+P) or absence (-P) of phosphate and analyzed by
direct infusion Q-TOF mass spectrometry. The peak sizes were used for relative quantification. (B) The lipid
extracts were derivatized with 2-bromoacetophenone and the glycine-glucolipid quantified by HPLC-DAD.
(O) Lipids were extracted from the total culture broth of A. borkumensis cells grown in pyruvate or
hexadecane. After centrifugation, lipids were extracted from the cell pellets or the supernatants (Super). The
lipid extracts were analyzed by direct infusion Q-TOF mass spectrometry, and the peak sizes were used for
relative quantification. (D) The lipid extracts were derivatized with 2-bromoacetophenone and the glycine-
glucolipid quantified by HPLC-DAD. All glycine-glucolipid-containing peaks (Glc(0O-10:0),Gly, Glc(O-8:0)(O-
10:0);Gly, and Glc(0-8:0),(0-10:0),Gly) were summarized. The amounts of glycine-glucolipids are expressed
in total ion counts per 10' cells (Q-TOF) or in nmol per 10'° cells and in nmol per mg protein (HPLC) Data
show means and SD (n = 3). Student T-test, *, P < 0.05; **, P < 0.01; n.s., not significant.

glycine-glucolipid from hexadecane-grown cells was shifted in comparison with pyru-
vate-grown cells, because the relative contents of Glc(O-8:0)(0-10:0),Gly and Glc(O-
10:0),Gly amounted to 11.1% = 1.0% and 88.9% = 1.0%, respectively, while Glc(O-
8:0),(0-10:0),Gly was not detectable, in hexadecane-grown cells (Table 1).

Next, the glycine-glucolipid amount was measured by Q-TOF mass spectrometry.
Because of the lack of an internal standard, relative amounts of the glycine-glucolipid
were determined based on the peak sizes. The total amounts of the glycine-glucolipid
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of the cells grown under different conditions agreed with the amounts determined by
HPLC-DAD. (Fig. 5A).

The glycine-glucolipid accumulates exclusively in a form bound to A. borku-
mensis cells. Commonly, glycolipid biosurfactants are recovered from the extracellular
medium of producing bacterial cultures (22). Previous studies suggested that a certain
amount of the glycine-glucolipid of A. borkumensis might also be secreted into the me-
dium after cleavage of the glycine moiety, where it might associate with hydrocarbons
and aid in the solubilization, uptake, and metabolization of alkanes (15, 17, 23, 24). To
determine the relative distribution of the glycine-glucolipid between the cells and the
secreted fraction, the cells were harvested by centrifugation, and the glycine-glucolipid
was measured in the whole culture broth, the cell pellet, and the cell-free supernatant. The
experiment was conducted in the presence of pyruvate or hexadecane as carbon sources,
and the glycine-glucolipid was measured by HPLC-DAD and Q-TOF mass spectrometry. As
shown before (Fig. 5A and B), the amount of the glycine-glucolipid per cell increased
when the cells were grown in the presence of hexadecane (Fig. 5C and D). The predomi-
nant fraction of the glycine-glucolipid was detected in the cell pellet, while only minute
amounts were found in the supernatant, both when the cells were grown on pyruvate or
hexadecane. Therefore, most of the glycine-glucolipid accumulates in a form bound to the
bacteria, and only very low amounts are found in the supernatant.

The structures of the glycine-glucolipid in the whole culture broth, the cell pellet, and
the supernatant were studied by Q-TOF mass spectrometry. In all fractions, the main peaks
in the mass spectrum showed the glycine-containing form of the glycine-glucolipid carry-
ing four fatty acids—Glc(O-10:0),Gly, Glc(O-8:0)(0-10:0);Gly, and Glc(0-8:0),(0-10:0),Gly as
NH,* adducts with m/z 935.6414, 907.6101, and 879.5788, respectively. No evidence was
found for the occurrence of the glycine-glucolipid form lacking the glycine residue (GIc[O-
10:0], as NH,* adducts with m/z 878.6199) (16).

DISCUSSION

Different bacteria, including Pseudomonas and Alcanivorax species, produce sur-
face-active glycolipids to solubilize hydrophobic compounds during metabolism. In
this study, we present an HPLC-DAD-based method for the absolute quantification of
the glycine-glucolipid from A. borkumensis. Quantification is based on an internal
standard and normalization using response factors obtained from measuring the 3-
hydroxy-fatty acids by GC-MS. The method can easily be adapted to other bacterial
species for the quantitative analysis of related glycolipids composed of sugar head
groups bound to 3-hydroxy fatty acids. Using chloroform/methanol, glycolipids are
extracted from the membranes or the cell walls of bacteria, and even secreted lipids
can be measured. The derivatization represents an additional step prior to quantifica-
tion, and measurement by UV detection provides only moderate sensitivity. On the
other hand, lipid analysis by liquid chromatography MS provides much higher sensitiv-
ity, as shown for the analysis of rhamnolipids, albeit at increased expenses (25).

It should be noted that the measurement of 3-hydroxy fatty acids by GC-MS after
transmethylation cannot be used for glycine-glucolipid quantification in crude cell
extracts. Many bacteria accumulate polyhydroxyalkanoate (PHA) during excess carbon
supply and imbalanced nutrient conditions (i.e., with high C, but low N or P supply)
(26). A. borkumensis produces mostly polyhydroxybutyrate (poly-HO-4:0, PHB) when
grown on pyruvate, but accumulates high amounts of PHA containing HO-8:0, HO-
10:0, and HO-12:0 during growth on octadecane (27). In the present study, strongly
increased amounts of 3-hydroxy fatty acids were found in cells grown on hexadecane
(with or without phosphate) or pyruvate (without phosphate), presumably derived
from increased PHA accumulation.

Three molecular species of the glycine-glucolipid were separated and quantified by
HPLC-DAD, and identified by Q-TOF mass spectrometry. Besides the Glc(O-10:0),Gly
lipid with a relative amount of 70.8% when the cells were grown on pyruvate, we iden-
tified Glc(0-8:0),(0-10:0),Gly, and Glc(0-8:0)(0-10:0);Gly with 4.0% and 25.3%, respec-
tively. Several molecular species of the glycine-glucolipid with different proportions of
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3-HO-10:0, 3-HO-8:0, or 3-HO-6:0 fatty acids were previously described, but no quanti-
tative data were available (15). The preferred incorporation of 3-HO-10:0, while 3-HO-
8:0 is a minor substrate and 3-HO-12:0 is not used at all, might be explained by the
specificity of the enzymes involved in glycine-glucolipid production. Notably, the spec-
trum of congeners identified for the A. borkumensis glycine-glucolipid is much nar-
rower than the structurally related rhamnolipids produced by P. aeruginosa or different
Burkholderia species (28). It likewise points to biosynthetic enzymes or other quality
control mechanisms that ensure specific 3-hydroxy-fatty acid incorporation.

We consistently observed higher growth rates when A. borkumensis cells were grown
on pyruvate compared with hexadecane, both in the TOM shaker experiment and in open
flasks (Fig. 4 A, B, Q). It is crucial to maintain a neutral pH in the medium because the pH
drops when cultivating the cells with hexadecane, and it increases during growth with py-
ruvate. Therefore, an alkaline, i.e., growth-inhibiting pH, is reached much faster with pyru-
vate than with hexadecane. Therefore, we used high buffer concentrations (50 mM HEPES)
to avoid pH shifts during growth. Previously, Naether et al. (29) observed a higher growth
rate on hexadecane compared with pyruvate. This might in part have been caused by in-
terference with turbidity originating from hexadecane in the medium. Furthermore, the
medium was buffered with only 5 mM TAPSO (pH 7.6), suggesting a shift to alkaline condi-
tions during growth on pyruvate. On the other hand, our results, which show a higher
growth rate on pyruvate than on hexadecane, are consistent with those of Barbato et al.
(30) who found a higher cell density (measured by flow cytometry) at the end of the
growth experiment on pyruvate compared with dodecane. Furthermore, Manilla-Perez
et al. (31) also found that cells grew better with pyruvate or acetate compared with hexa-
decane or octadecane. The finding that the growth rate in pyruvate medium was higher
than in hexadecane-containing medium suggests that pyruvate metabolism is the pre-
ferred pathway for A. borkumensis, because a water-soluble substrate is biologically much
more easily available than a water-insoluble one.

Furthermore, the amount of the glycine-glucolipid per cell increased when pyruvate
was replaced with hexadecane as a carbon source. Interestingly, the composition of
molecular species of the glycine-glucolipid changes during growth on hexadecane
because large amounts of Glc(O-10:0),Gly accumulated, while the quantities of Glc(O-
8:0)(0-10:0);Gly were much lower, and Glc(0O-8:0),(0-10:0),Gly was not detected.
During growth on pyruvate, medium-chain length 3-hydroxy fatty acids are presum-
ably derived from intermediates of fatty acid de novo synthesis, in agreement with the
finding that 3-hydroxy-acyl groups in the glycine-glucolipid and the intermediates of
fatty acid de novo synthesis are in D-configuration (16). During growth on hexadecane,
B-oxidation of acyl-CoAs derived from alkane catabolism results in the generation of
medium-chain length L-3-hydroxy-fatty acids. In this scenario, an epimerization step to
the D-isomer is required before 3-hydroxy-fatty acids can be incorporated into the gly-
cine-glucolipid (27). Interestingly, growth on octadecane also results in an increase in
PHA synthesis accompanied by a shift of the predominant chain length from C4 (on
pyruvate) to C8, C10, and C12 (on octadecane). This indicates that acyl chains derived
from octadecane via B-degradation and isomerization from the L to the D-3-hydroxy
fatty acid were used for PHA synthesis (27). In addition to glycine-glucolipid and PHA,
wax esters accumulated in A. borkumensis cells grown on hexadecane but not on pyru-
vate, while triacylglycerol was present in cells grown under both conditions (32). The
triacylglycerol and wax ester fractions in hexadecane-grown cells were enriched with
palmitic acid (16:0), suggesting that this acyl group was derived from hexadecane.
Furthermore, fatty acids derived from alkane degradation were directly incorporated
into membrane phospholipids (29).

In some bacteria and plants, the amounts of glycolipids, primarily glucose or galac-
tose moieties linked to diacylglycerol, increase during growth in phosphate-deprived
medium, because the glycolipids replace phospholipids in the membranes (20, 21). In
contrast, the glycine-glucolipid production in A. borkumensis was not stimulated by
phosphate deprivation. The correlation between the amount of the glycine-glucolipid
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and the carbon source, but a missing effect of phosphate limitation, agrees with the
role of the glycine-glucolipid as a bioemulsifier required for association of the cells
with the oil-water interphase. The glycine-glucolipid bound to the bacterial cell wall
could reduce the oil/water interfacial tension when the cells are exposed to hydrocar-
bons (24).

Two different forms of the glycolipid were previously described in A. borkumensis. A
glucose-containing lipid bound to a congener of four esterified 3-hydroxy decanoic
acids lacking a glycine moiety was suggested to be present in the culture broth (16,
33). Later, the glycine-glucolipid isolated from the A. borkumensis cell pellet contained
a glucose bound to a congener of four 3-hydroxy-decanoic acids carrying a glycine res-
idue in amide linkage (15). The differences in the structures of glycolipids in the cell
pellet and culture broth led to the speculation that the glycine-glucolipid in the cell
wall of A. borkumensis might be a precursor for the secreted, glycine-free form needed
for alkane solubilization (15, 17, 24). In this study, we only identified the glycine-con-
taining form of the glycine-glucolipid predominantly in the cell pellet; abundance was
very low in the cell-free supernatant (Fig. 5). We detected further lipids in the superna-
tant by Q-TOF mass spectrometry, particularly phosphatidylglycerol (PG), which is an
abundant phospholipid in A. borkumensis. The distribution of PG was very similar to
that of the glycine-glucolipid, i.e., most PG was found in the cell pellet and only minute
amounts in the supernatant. PG in the supernatant presumably derived from damaged
cell membranes rather than from active secretion. These findings support the scenario
that the A. borkumensis cells are directly attached to the lipid-water interphase (24, 34),
and that the glycine-glucolipid is not secreted for the solubilization of alkanes. In line
with this finding, even concentrated supernatants of A. borkumensis cells lack any
emulsifying activity (33). These data are also in line with previous reports, which
showed that A. borkumensis cells grown on hexadecane reveal stronger adhesion to
hexadecane and more increased surface tension than cells grown on pyruvate (30).
The water contact angle of pyruvate-grown cells (~75°) was considerably lower than
that of hexadecane-grown cells (~110°) (29). The hexadecane-grown cells tend to ag-
gregate; they become partially hydrophobic, reduce interfacial tension, and form bio-
films at the oil/water interface in contrast to pyruvate grown cells (24, 34). Therefore,
the cell-associated glycine-glucolipid may help the bacteria become partially hydro-
phobic to attach to the oil/water interface, where they reduce interfacial tension and
form the early stages of a biofilm around the hexadecane droplets.

Glycolipids have a tremendous market potential as they do not only provide the ba-
sis for CO,-neutral production from various feedstocks, but also come with novel struc-
tures and hence potentially valuable new properties (35, 36). With sophorolipids and
rhamnolipids as prime examples, we will see further developments of glycolipid use.
For research and development, but also for the evaluation of ecotoxicity and manufac-
turing, methods for quantification of the glycolipid are key tools. Here, we present a
workbench of analytical methods that allow identification of the congeners and quan-
tification of the glycine-glucolipid of A. borkumensis, which will be instrumental to fos-
ter the development of this interesting biomolecule.

MATERIALS AND METHODS

Microorganism and cultivation conditions. Alcanivorax borkumensis SK2 was grown in Marine
Broth 2216 (BD Difco, Fisher Scientific) with 1% (wt/vol) of pyruvate as the carbon source. To study the
glycine-glucolipid production under different conditions, the cells were grown in modified ONR7a me-
dium (22.79 g/L NaCl, 0.72 g/L KCl, 3.98 g/L Na,SO,, 0.083 g/L NaBr, 0.031 g/L NaHCO,, 0.027 g/L H,BO,,
0.0026 g/L NaF, 11.18 g/L MgCl, x 6 H,0, 1.46 g/L CaCl, x 2 H,0, 0.024 g/L SrCl, x 6 H,0, 0.01 g/L
FeSO, x 7 H,0, 0.005 g/L MnSO, x H,0, 0.0064 g/L ZnCl,, 0.0004 g/L CoCl, x 6 H,0, 0.0002 g/L
Na,MoO, x 2 H,0, 0.01274 g/L Na,EDTA x 2 H,0, 0.46 g/L NaH,PO,, 2 g/L NH,Cl, 50 mM HEPES) with
1% (wt/vol) sodium pyruvate or 1% (vol/vol) hexadecane as carbon source. The pH was 7.0 for pyruvate
and 7.5 for hexadecane medium. For phosphate deprivation, NaH,PO, was omitted from the media.
Cultures were incubated at 28°C under shaking at 180 rpm. Due to the agitation during growth, the me-
dium components were homogenously dispersed without any accumulation of nutrient components on
the surface, the interior, or the bottom of the culture broth. Cells were harvested for lipid extraction after
3 days, i.e, in the late exponential growth phase. A culture aliquot was used to determine the number
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of cells by plating serial dilutions and colony counting (ODg,, = 1 is equivalent to 1.76 x 10 cells per
mL). Similarly, the amount of protein was measured in a culture aliquot (ODy,, = 1 is equivalent to
330 mg protein per L).

For the determination of the oxygen transfer rate (OTR) and carbon dioxide transfer rate (CTR), A.
borkumensis cells were inoculated to an ODy,, of 0.1 in 25 mL (5% filling volume) of the modified ONR7a
medium (for medium composition and pH see above) and 10 g/L pyruvate or 4.83 g/L hexadecane.
Cultures were incubated in a TOM shaker (Kuhner, Birsfelden, Switzerland) with 50 mm throw, at
300 rpm and 30°C. The OTR and CTR were measured online in mmol L' h~ " in duplicates and averaged,
and the values were integrated to obtain integral OTR and CTR. The growth rates we determined from
the exponential trend line at the steepest point of the OTR curve.

Lipid extraction and glycine-glucolipid purification. Samples for OD,,, measurement or lipid
extraction were taken with a pipette from the interior of the culture broth. Samples were vortexed and
transferred into cuvettes, and the OD,,, was measured against a blank containing the corresponding
medium without cells to quantify the biomass of the cells.

For lipid extraction, the cells were harvested by centrifugation for 30 min at 7,000 x g, resuspended
with a minimal volume of deionized H,0, and boiled at 100°C for 15 min. After cooling, two volumes of
CHCI,/CH;0H (1:2) were added, and the mixture was shaken at 4°C for 1 h. After centrifugation for
20 min at 2,000 x g, the organic phase was collected. The extraction was repeated two more times with
two volumes of (i) CHCl,/CH,OH (2:1) and (iii) CHCl,. After centrifugation, the organic phases were com-
bined with the first extract and the solvent was evaporated with nitrogen gas. The crude lipid extract
was dissolved in 3 mL of CHCI,/CH,OH (2:1) and washed with 0.75 mL of 0.9% NaCl. The organic phase
was again concentrated under N, gas, and the lipids dissolved in CHCl,.

The crude lipid extract dissolved in chloroform was purified by solid-phase extraction (SPE) on silica col-
umns (Strata Silica SI-1, Phenomenex) equilibrated with chloroform. After washing the column with chloro-
form, the glycine-glucolipid was eluted with acetone/isopropanol (9:1 [vol/vol]). Next, the glycolipid fraction
was purified by separation on a silica thin-layer chromatography (TLC) plate (Machery Nagel Kieselgel
60 with concentration zone) developed with CHCl,/CH,OH/CH,COOH/water (90:15:10:3.5, vol/vol/vol/vol).
Analytical plates were stained with 2.4% (wt/vol) a-naphthol in 10% sulfuric acid/80% ethanol to locate the
glycolipids. For preparative separation, the TLC plates were stained with ammonium-8-anilino-1-naphthalin-
sulfonate (ANS; 0.2% in methanol) and observed under UV light. The silica material containing the glycine-
glucolipid was isolated from the TLC plate, and lipids were extracted with CHCI,/CH,OH (2:1 [vol/vol]).

To unravel whether the glycine-glucolipid can be secreted, A. borkumensis cells were grown for 96 h in
100 mL ONR7a medium with 1% (wt/vol) pyruvate or with 1% (vol/vol) hexadecane. Half of the culture was
extracted twice with ethyl acetate (1:1). The other half was centrifuged at 14,000 x g for 15 min. The cell pel-
let was extracted twice with 50 mL of ethyl acetate. The supernatant was purified by filtration (Filtropur V50;
pore size, 0,45 um; Sarstedt) and extracted twice with ethyl acetate (50 mL). The lipids in the ethyl acetate
phases were dried under nitrogen gas and dissolved in 200 L CHCl,. The glycine-glucolipid was purified by
SPE (see above) and measured by HPLC-DAD or direct infusion mass spectrometry.

Glycolipid analysis by direct infusion mass spectrometry. Total lipid extracts from A. borkumensis
or samples collected from HPLC-DAD were dried under nitrogen gas and dissolved in chloroform/metha-
nol/300 mM ammonium acetate (300:665:35 [vol/vol/vol]). The authentic glycine-glucolipid or its phena-
cyl esters were measured by direct infusion mass spectrometry (Agilent 6530 Accurate-Mass Q-TOF MS
with chipcube nanospray source). Lipids were ionized in the positive mode yielding predominantly
NH,* adducts. The instrumental parameters were as follows: drying gas N,, 8 L/min; fragmentor voltage,
200 V; gas temperature, 300°C; HPLC-Chip Vcap, 1700 V; scan rate, 1 spectrum/s; fragmentation energy
Glc(0-10:0),Gly, 37.1 V; Glc(O-10:0),Gly-phenacyl, 41.5 V. Data were processed using the Agilent
MassHunter Qualitative Analysis software and Microsoft Office Excel. Glycolipid abundances were calcu-
lated using the peaks of the parental NH," adducts.

Fatty acid analysis by GC-MS. The four 3-hydroxy fatty acids of the glycine-glucolipid can be quanti-
fied after methylation and trimethylsilylation by GC-MS in the presence of an internal standard. For the analy-
sis of the crude lipid extract or the glycine-glycolipid purified by SPE and TLC, 50 or 5 ug, respectively, of
internal standard (3-hydroxy-dodecanoic acid, 3-OH-12:0) were added, and the solvent was removed with N,
gas. The glycine-glucolipid was dissolved in 1 mL of 3 N methanolic HCl. Methylation was carried out at 80°C
for 5 h to convert all 3-hydroxy-fatty acids into methyl esters. The samples were cooled down and 1 mL of
hexane and 1 mL of 0.9% NaCl were added (37). After mixing and short centrifugation, the hexane phase
was collected and dried with N, gas. Free hydroxyl groups were silylated with 50 uL of N-methyl-N-(trimeth-
ylsilyl)-trifluoroacetamide (MSTFA) and 150 wL of pyridine by incubation at 80°C for 30 min. The solvent was
evaporated under N, gas and the derivatized 3-hydroxy-fatty acids were dissolved in hexane. Samples were
injected into an Agilent GC-MS (7890A GC system with 5975C inert XL MSD) equipped with an Agilent HP-
5MS column. The following temperature gradient was used: starting at 50°C, increased to 160°C by 25°C/
min, to 170°C by 2°C/min, then to 250°C by 10°C/min, and finally decreased to 50°C by 40°C/min. The 3-
hydroxy-fatty acids of the glycine-glucolipid (mostly HO-10:0 and HO-8:0) were quantified relative to the in-
ternal standard HO-12:0 considering the different response factors (RF), which were determined from the
ratio of the peak area (A) to the amount (n, in nmol) determined by weighing.

RF(HO-80) = %

Response factors (area/nmol) for HO-8:0, HO-10:0, HO-12:0 and HO-14:0 were 1,726,916; 4,499,168;
6,296,387; and 6,600,466 respectively.
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The relative response factors (RRF) were calculated from the RF of the 3-hydroxy fatty acid relative to
the internal standard.

RF(HO-8:0)
RRF(HO-8:0/HO-12:0) = —————~
( / ) RF(HO-12:0)
The RF and RRF values were used to calculate the nmol amounts of 3-hydroxy fatty acids in the glycine-
glucolipid. The total amount of glycine-glucolipid equals the sum of HO-8:0 and HO-10:0 divided by four.

A(HO-8:0) x n(HO-12:0)
A(HO-12:0) x RRE(HO-8:0/HO-12:0)

n(HO-80) =

n(HO-8:0) + n(HO-10:0)

n(glycolipid GCMS) = 1

Lipid analysis by HPLC-DAD. The glycine-glucolipid was converted into a phenacyl ester for quantifi-
cation according to a previous protocol with modifications (11). Undecanoic acid (11:0; 5 ng) was added to
the lipid extract as an internal standard and the solvent evaporated under N, gas. The lipid was dissolved in
100 wl of acetonitrile. Different concentrations and ratios of 2-bromoacetophenone and triethylamine were
tested for derivatization (10:5, 15:7.5, 20:5, 20:10, 20:15, and 20:20; in mg/mL), and the yield of the derivat-
ized glycine-glucolipid analyzed by HPLC. Best yields of derivatization were obtained by incubation with
15 mg/mL of 2-bromoacetophenone and 7.5 mg/mL of triethylamine, at 80°C for 1 h. The samples were
centrifuged, and the supernatants with the glycine-glucolipid phenacyl esters were transferred to HPLC
vials. After injection of 25 uL of the sample, lipids were separated by HPLC (Agilent 1100 series with diode
array detector, DAD) on a reversed-phase column (Knauer C18, Eurospher Il 100-3 C18A, 100 x 3 mm). The
HPLC gradient was composed of solvent A (0.01 N H;P0,) and solvent B (acetonitrile) with 50% B for 5 min;
from 50% B to 100% B in 20 min; and from 100% B to 50% B in 10 min, at a flow rate of 1.0 mL/min. The ab-
sorbance of the derivatized glycine-glucolipid was measured at a wavelength of 244 nm.

The 3-hydroxy-fatty acids of an aliquot of the purified glycine-glucolipid were quantified via GC-MS,
and the amount n(glycolipid GCMS) was calculated according to the equations shown above. After
measuring the same amount of the glycine-glucolipid by HPLC-DAD, the response factor in HPLC-DAD
was calculated:

- A(glycolipid HPLC)
RF(glycolipid) = ~8Y<OIPIE 0]

(glycolipid) = 2 coTipid GCMS)
A(110)

RF(11:.0) = a(110)

- RF(glycolipid)
RRF(glycolipid, 11:0) = —>"———=
(glycolipid, 11:0) RE(110)
The response factors (area/nmol) for 11:0 and the glycine-glucolipid were 115 and 170, respectively.
The amount of a molecular species n(Glc(0-10:0),Gly) of an unknown glycine-glucolipid preparation
can be measured by HPLC-DAD and calculated according to the peak area related to the internal stand-
ard undecanoic acid (11:0, 5 g), considering the relative response factor of the glycine-glucolipid:

A(Glc(0-10:0) 4Gl 11:0
n(61c(0-100)4GlyHpLC) — H(GIE(0:100),Gly) X n(110)
A(11: 0) x RRF(glycolipid, 11:0)

The total amount of glycine-glucolipid measured by HPLC-DAD equals the sum of the amounts of
the individual molecular species:

n(glycolipid HPLC) = n(Gle(0-10:0),Gly) + n(Glc(0-8:0)(0-10:0);Gly) + n(Gle(0-8:0),(0-10:0),Gly)
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